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学位論文の要約 
Summary 
According to the growing demands for marine exploration, there is currently an urgent need for 
materials for marine engineering that exhibit high strength and excellent corrosion resistance as 
well as good tribological characteristics (mainly with regard to friction and wear). However, few 
materials satisfy all of these conditions. Our laboratory is working on improving the corrosion and 
wear resistance of marine engineering materials based on the friction reforming methods.  
In this work, the surface properties (such as surface roughness and hardness) of reforming 
specimens were examined, and corrosion resistance and friction/wear characteristics were 
evaluated in artificial seawater. In addition, the effects of mated materials were also tested in this 
research. The associated mechanisms were determined based on data acquired by SEM and EPMA. 
The author also investigated the effects of mated material and attempted to combine two different 
modification processes to ascertain the effects of the duplex surface modification on the wear 
resistance properties of various specimens. 
In Chapter4, the friction reforming techniques which contain powder intruding, friction stir and 
post processing were introduced. The mechanism of the friction reforming techniques is based on 
the principle of mechanical alloying. The techniques as the core of this paper run through this 
whole PHD thesis. 
From Chapter5 to Chapter 7, the friction reforming techniques were used to reform the titanium 
alloy Ti6Al4V, stainless steel SUS304 and Alloy Steel SCM420. By the consideration of 
practicality and versatility, the rare metal titanium alloy was chosen as the first substrate in 
Chapter5, then the representative corrosion resistance material stainless steel was reformed by 
friction reforming in Chapter6, finally the most industrially widely used alloy steel SCM was 
reformed to improve its corrosion resistance and wear resistance properties in Chapter7. 
In Chapter5, the titanium alloy well-known by its widely application in space, ocean, 
biomaterial, etc. according to his characteristics, however, it is inferior in wear resistance. When it 
is used as sliding part and friction material the surface modification is required. The author has 
tried several different ceramics particles coating on the surface of the substrate titanium alloy such 
as Cr2N, TiN and Al2O3. Only the Cr2N modified material presents remarkably wear resistance 
improvement both in dry and seawater conditions. Meanwhile, it has been clearly proofed that 
improvement of hardness and wear resistance property can be achieved by heat treating process in 
many other researches. Based on these facts, the duplex surface modification of friction reforming 
and heat treatment was conducted on titanium alloy. 
In Chapter6, the austenitic stainless steel (SUS304) most commonly applied in marine 
environment was chosen as a substrate in this chapter. The main reforming processes were that, Si 
particles mixed with fine particles made of High-speed-steel which play as carrier particles were 
used for powder intruding process, then Zinc pin and Phosphor bronze pin were utilized in friction 
stir processes. After post processing the modified materials were produced. As a result, the 
modified material presents significant wear resistance improvement in artificial seawater condition. 
As for the mated materials, martensite stainless steel (SUS440C) and Phosphor bronze were 
compared in the wear test. It was found that the difference of the mated material exerts an 
enormous influence on wear properties. The phosphor bronze, which possesses good wear 
resistance, makes it more suitable for the mated material against stainless steel. Furthermore, the 
mated material Phosphor was modified by Zinc pin using the friction stir process. As a consequent, 
it showed a certain degree improvement of wear resistance property. 
At last, in Chapter7, friction reforming was performed on steel alloy SCM420 which is often 
used for mechanical parts with the greatest practicality and versatility. After that, the carburizing 
heat treatment was carried out for further surface hardening accompanying with improvement of 
wear resistance. In order to improve the effect of carburizing treatment, Mo powder was selected 
and friction reforming was carried out, as well as with the Cr powder modification with the 
expectation of the improvement of corrosion resistance and the generation of a chromium oxide 
layer after carburizing treatment. As a result, both the Mo and Cr modified show remarkably wear 
resistance improvement. 
According to the experimental investigations reported from Chapter5 to Chapter7, the 
mechanisms of this research were discussed from three different aspects: wear resistance property, 
corrosion resistance property and duplex surface modification in Chapter8. As well as the friction 
reforming techniques described in Chapter4 the conclusions can be summarized as follows. 
 
1.  Friction reforming  
A new kind of surface modification technique named friction reforming was invented in our 
lab. The friction reforming contains powder intruded process, friction stir process and post 
processing. After friction reforming, the fine particles were embedded or adhered on the 
surface of substrate materials due to the mechanical alloying. At the same time, the 
pulverization and refinement of the particles as well as residual compressive stress and the 
remaining fine shapes on the surface of modified materials were observed.  
The friction reforming technique can be concluded as follows: 
Advantages of friction reforming 
(1)  The reforming apparatus are simple and easy to get. 
(2)  The reforming time is short, process can be easily achieved. 
(3)  A surface fine shape can be formed by the reforming processes. The friction reforming is 
not a simple coating but alloying with the substrate material to modify the surface. 
     Disadvantages of friction reforming 
(1)  It is difficult to form a thick modified film. 
(2)  The pin material of friction stir process is only soft metal material. 
 
2.  Wear resistance properties 
    Several different kinds of particles and metal pins were utilized in the friction reforming 
processes to improve the wear resistance properties. Each of them has its own contribution 
to the improvement of wear resistance properties. What’s more, the mated material also has 
a great influence on wear resistance properties. 
 
(1) The embedding or adherence of fine particles was found to significantly improve the wear 
resistance properties of three kinds of substrate materials. These particles were Si for 
SUS304 and Cr2N for Ti alloy. 
(2) High-speed steel particles, when used as carrier particles, were able to support a significant 
load without detaching, and this ability played an important role in increasing wear 
resistance. 
(3) A transferred phosphor bronze layer formed by the friction stirring process was effective at 
lowering the coefficient of friction. A transferred zinc layer not only had an anti-corrosion 
effect, but also decreased friction in seawater. 
(4) The mated material had a significant effect on the wear resistance properties. However, 
attempts to modify the mated materials proved ineffective. 
 
3.  Corrosion resistance properties 
It is well known that there is a synergistic effect between corrosion and wear in seawater. 
Since this work was primarily concerned with materials for use in marine environments, 
corrosion processes must be taken into consideration.  
 
(1) Due to its greater propensity for ionization, a transferred zinc layer could be used to protect 
modified materials against corrosion, and all zinc coated materials showed superior 
corrosion resistance in artificial seawater. 
(2) A layer of oxidized Cr resulting from friction reforming and carburization somewhat 
improved the corrosion resistance of specimens in seawater. 
 
4.  Duplex surface modification 
In order to achieve better surface hardness, adhesion and wear resistance property for the 
modified materials which already conducted by friction reforming processes, the duplex 
surface treatments of friction reforming together with heat treatment for Ti alloy and friction 
reforming together with carburizing treatment for alloy steel were done. 
 
(1) No obvious duplex modification effects of friction reforming and heat treatment are 
observed on wear resistance of Ti alloy. 
(2) As for the duplex modification of friction reforming and carburizing conducted on SCM420. 
Mo permeation diffusion and Cr enrichment phenomenon in Mo-modified carburized 
SCM420+Zn were confirmed. 
(3) A Cr-deficient region was generated after carburization, resulting in a soft, incomplete 
quenched surface layer. 
 
Originally, mechanical alloying (MA) was developed to produce oxide dispersion strengthened 
(ODS) nickel and iron based super alloys for applications in the aerospace industry. It is a method 
that has been recognized and attracted much attention for many years which effective for 
incorporating amorphous alloys and inter metallic compounds. It has been revealed that 
mechanical alloying allows ultrafine crystal grains, supersaturated solid solution, metastable 
crystal phase or amorphous phase to be obtained, and it is possible to prepare non-equilibrium 
materials similar to liquid quenching solidification method. 
In this research, the author is trying to broaden the application of mechanical alloying 
(MA),several different substrate materials have been tried, from expensive titanium alloy, 
corrosion resistant material stainless steel to the most commonly used industrially alloy steel 
SCM420. For practical use especially in the marine environment, the possibility of mechanical 
alloying (MA) achieving by this friction reforming method have been tested. Although it is still a 
fundamental research on material development adapted to seawater, the future applications in 
marine industry can be expected if we can improve shortcomings, carry forward the advantages. 
For example, make it possible to control the accuracy of surface roughness and to create a portable 
device to cope with complex surfaces. 
 Finally, friction reforming developed by our laboratory is considered to be a small contribution 
to the surface reforming method as one application of mechanical alloying (MA). 
 
